M aternal weight gain in pregnancy holds implications for both mother and child. 1 Insufficient gestational weight gain has been linked to low birth weight and preterm birth, while excessive weight gain has been associated with infant macrosomia and maternal postpartum weight retention. [1] [2] [3] [4] [5] Recently, a multinational study involving 8 geographically diverse regions (Brazil, China, India, Italy, Kenya, Oman, United Kingdom, and United States) showed that the pattern of weight gain during pregnancy is similar across human populations around the world, despite local differences in ethnicity, culture and beliefs, behaviors, and clinical practices. 3 The apparent conservation of this pattern in the face of genetic and lifestyle differences further underscores the anticipated physiologic importance of the pattern of gestational weight gain. Clinically, however, our understanding of the implications of the timing of weight gain in pregnancy remains limited. 6 There is currently growing recognition of the potential association of early-life intrauterine exposures with developmental programming of the fetus that may hold implications for the health of the baby both in the short term (eg, birth weight at delivery) and long term (eg, risk of cardiovascular disease in adulthood). 7, 8 In this context, a clinical question that emerges is the effect of maternal weight gain in early pregnancy on infant birth weight. Previous studies have yielded conflicting findings in this regard, with several, 9-12 but not all, 6 ,13 suggesting that first-trimester weight gain is not related to birth weight, but gains in second or third trimester may be associated with this outcome. [11] [12] [13] [14] [15] [16] However, these studies have typically recruited women in the first trimester rather than before pregnancy. Therefore, these studies are inherently limited by a reliance on self-reported pregravid weight, resulting in potential bias and misclassification that may contribute to their conflicting findings. 3, 13 Accordingly, to objectively address the implications of early pregnancy weight gain, the optimal study design is one in which women are evaluated shortly before pregnancy and then longitudinally across the subsequent gestation. 3 In this context, we have established a prospective preconception cohort and directly evaluated the associations of pregravid weight and the timing of weight gain during pregnancy with infant birth weight.
Methods

Study Population
This prospective, observational, preconception cohort study recruited women at the time of marriage in the Liuyang region of the Hunan province in China. The study protocol has previously been described in detail. 17 Participants underwent baseline cardiometabolic characterization at recruitment and then, whenever they subsequently became pregnant, were followed up across the pregnancy to delivery through their clinical care. Beginning on February 1, 2009, 3375 women were recruited into this cohort, of whom 2482 have completed a singleton pregnancy. Of these, 999 women did not have recorded weight measurements in pregnancy because they did not obtain their antenatal care at the participating hospital. The remaining 1483 women had at least 1 weight measurement in pregnancy. After the exclusion of 31 women who were more than 5 weeks pregnant at their baseline assessment based on back-dating of gestational age at delivery and 288 women in whom infant birth weight was not available (due to delivery elsewhere), the study population for the present analysis consisted of 1164 women (eFigure in the Supplement). The study was completed on November 4, 2015.
Data analysis was performed between September 1, 2016 and May 6, 2017. The cohort study was approved by the institutional research ethics boards of Central South University (Changsha, Hunan, China), Ottawa Hospital Research Institute (Ottawa, Canada), and Mount Sinai Hospital (Toronto, Canada), and all participants provided written informed consent; there was no financial compensation.
Recruitment and Study Measurements
As previously described, 17,18 to recruit a preconception cohort in a cost-efficient manner requires a study design whereby one can identify women who are likely to get pregnant in the near future. For this reason, the Liuyang Maternal and Infant Hospital was selected for this study because women in its catchment area typically attend a premarriage health clinic for assessment at the time of marriage registration. Thus, by recruiting at these clinics, we established this cohort consisting of women who indicated that they were planning to become pregnant in the next 6 months. After recruitment, participants were asked to undergo an overnight fast and then attend a baseline assessment that consisted of interviewer-administered questionnaires (regarding demographics, lifestyle, and medical history), physical examination, and the drawing of venous blood samples for biochemical analyses (including lipid and fasting glucose levels), as previously described. 17 Blood pressure and anthropometric measurements were performed by trained research staff, including weight, height, waist circumference, and calculated body mass index. Once pregnant, participants received obstetrical care through clinical services at Liuyang Maternal and Infant Hospital. Weight measurements during pregnancy were obtained through this clinical care. Data collected at delivery included length of gestation, infant sex and birth weight, and maternal weight.
population. Recognizing that clinical visits become more frequent as pregnancy progresses from the first to second to third trimester, we defined the following 10 gestational intervals: less than 14, 14 to 18, 19 to 23, 24 to 28, 29 to 30, 31 to 32, 33 to 34, 35 to 36, 37 to 38, and 39 to 40 weeks. The numbers of weight measurements within these intervals were 541, 884, 828, 885, 512, 604, 593, 742, 882, and 568, respectively. If a woman had more than 1 antenatal visit within an interval, we took the mean of her weight measurements for that interval. Weight gain in the first gestational interval was calculated as the antenatal weight up to less than 14 weeks minus the weight measured at the pregravid assessment; the weight gain in subsequent intervals was calculated as the difference in weight between the indicated interval and the preceding one. Cumulative gestational weight gain in each interval was calculated as the weight in that interval minus the weight measured at the pregravid assessment. The outcome of interest was infant birth weight. Table 1 reports the characteristics at pregravid assessment, across pregnancy, and at delivery for the study population, stratified into tertiles according to infant birth weight. Continuous variables are presented as mean (SD) if normally distributed, median (interquartile range) if skewed, and categorical variables as numbers and proportions. To illustrate the association between maternal weight gain during pregnancy and infant birth weight, we constructed a mean plot of maternal weight from the pregravid assessment and across the 10 gestational intervals by birth weight tertile ( Figure) .
Statistical Analysis
To determine whether pregravid weight and cumulative gestational weight gain up to each of 14, 18, 23, 28, 30, 32, 34, 36, 38, and 40 weeks were associated with infant birth weight, we constructed 10 multiple linear regression models evaluating pregravid weight and weight gain up to each of these points in time, with additional adjustment for infant sex and total length of gestation ( Table 2) . Similarly, a series of 10 multiple linear regression models was constructed with the same additional covariates to assess whether pregravid weight and discrete weight gain within each of the 10 gestational intervals were associated with infant birth weight ( Table 3 ). All tests were 2-sided and performed at level of significance of P = .05. Since the analyses were designed as exploratory to identify the intervals in pregnancy during which weight gain is associated with birth weight, we did not apply adjustment for multiple testing.
To evaluate the statistical effect of missing data on the association between covariates and birth weight, the analyses in Tables 2 and 3 were also performed with multiple imputation by the chained equations method. Missing data were considered as resulting from a missing at random mechanism. We included all of the weight measurements in pregnancy, pregravid weight, and the other variables from the multiple linear regression models (infant sex and total length of gestation) in the imputation model. Discriminant function for categorical covariates and linear regression for continuous covariates were used to impute values. Since the maximum amount of missingness among the 10 weight measurements was 58.2%, we generated 100 imputed data sets. The multiple linear regression analyses in Tables 2 and 3 were repeated using each of the augmented data sets, parameter estimates were averaged across the 100 analyses, and their SEs were computed using the Rubin method.
19 All analyses were conducted using SAS, version 9.4 (SAS Institute). Imputation analyses were done by PROC MI, GENMOD, and MIANALYZE.
Results
The study population consisted of 1164 women (mean [SD] age, 25.3 [3.1] years) who underwent pregravid assessment at median 19.9 weeks before a singleton pregnancy and delivered at a mean 39.4 weeks' gestation. Table 1 reports the characteristics of the study population stratified into tertiles of infant birth weight. The Figure shows the pattern of maternal weight gain over the 10 gestational intervals in these infant birth weight tertiles. Findings in the Figure suggest that maternal weight before and during pregnancy was associated with infant birth weight. On multiple linear regression analyses, both pregravid maternal weight and cumulative gestational weight gain up to each (Table 2 ). These findings were unchanged on the multiple imputation analyses (Table 2) . Having thus established that cumulative gestational weight gain up to each of the indicated points in pregnancy is associated with birth weight, we next sought to evaluate the impact of weight gain within the 10 discrete intervals that these times identify. On multiple linear regression analyses adjusted for pregravid weight, infant sex, and total length of gestation (Table 3) , only weight gain from pregravid to 14 weeks and from 14 to 18 weeks were significantly associated with infant birth weight (as was prepregnancy weight). Birth weight increased by 13.6 g/kg (95% CI, 3.2-24.1 g/kg) of maternal weight gain from the pregravid to 14-week interval and by 26.1 g/kg (95% CI, 3.8-48.4 g/kg) of maternal weight gain from 14 to 18 weeks. Of note, weight gain within each of the 8 intervals after 18 weeks was not associated with birth weight. These findings were unchanged on the multiple imputation analyses (Table 3) .
Furthermore, the main findings were unchanged in a series of sensitivity analyses, performed as follows: restriction to women with delivery at 37 or more weeks (n = 1126) (eTable 1 in the Supplement), exclusion of women with preeclampsia (n = 30) (eTable 2 in the Supplement), exclusion of women with gestational diabetes (n = 22) (eTable 3 in the Supplement), exclusion of women who smoke (n = 6) (eTable 4 in the Supplement), additional adjustment for time from pregravid assessment to pregnancy (eTable 5 in the Supplement), exclusion of those in whom time from pregravid assessment to pregnancy exceeded the 90th percentile of the distribution of this variable (eTable 6 in the Supplement), and adjustment for pregravid body mass index in place of pregravid weight (eTable 7 in the Supplement).
Discussion
In this study, we have prospectively measured maternal weight prior to pregnancy and then longitudinally across the subsequent gestation. With this approach, we demonstrate that pregravid maternal weight is consistently associated with infant birth weight. More importantly, only maternal weight gain from prepregnancy to 14 weeks and from 14 to 18 weeks was associated with birth weight, whereas gestational weight changes thereafter were not. Taken together, these data thus identify maternal weight status in the first half of gestation as a key determinant of infant birth weight and highlight the importance of the timing of weight gain in pregnancy.
Pregnancy cohorts typically recruit women in first or second trimester, at which point pregravid weight is generally obtained by self-report. 3 The reliability of self-reported weight may vary at the extremes of body weight, with underestimation in those with higher weight. Underestimation of self-reported weight has been documented in previous studies, including in young women. [20] [21] [22] Such underestimation of pregravid weight potentially could yield misclassification of gestational weight gain that may have contributed to the conflicting findings reported thus far on pregravid weight-gain timing. 13 Some studies have suggested that maternal weight gain in the second trimester is a key determinant of birth weight, 12,23 while others have implicated weight gain in both the second and third trimesters.
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Similarly, whereas several studies have suggested that firsttrimester weight gain is not related to birth weight, 9-12 a study of 651 overweight/obese women found that high gestational weight gain before 20 weeks predicted an increased risk of large-for-gestational-age infants at delivery. 6 Although the potential association between self-reported pregravid weight and these conflicting findings cannot be determined, a prospective preconception cohort would be the ideal study design for objective evaluation of the timing of gestational weight gain and its implications. However, this design has generally not been implemented for practical reasons, owing to the potentially prohibitive cost of characterizing women and then waiting indefinitely for a subsequent pregnancy. In this context, we selected the Liuyang region of China as a setting in which newly married women could be identified (through attendance at the premarriage health clinics) and b The 95% CI did not cross 0, indicating that there is a significant association between the indicated maternal weight variable and infant birth weight.
were likely to undergo a first pregnancy relatively shortly thereafter (based on societal practices in the region). In establishing a preconception cohort in this setting, we have been able to directly evaluate gestational weight gain in association with pregravid assessment performed at a median of 19.9 weeks before pregnancy and assess its impact in 10 intervals across gestation in over 1000 women. In doing so, we demonstrate that only early pregnancy weight gain before 18 weeks was associated with infant birth weight. A previous study in which 389 women had weight measured within 6 months of pregnancy also found that maternal weight change in the first trimester had a greater influence on newborn weight than did changes in the second and third trimesters. 13 It thus appears that, when assessed in relation to directly measured (rather than selfreported) pregravid weight, the association between early gestational weight gain and birth weight is readily detectable. Maternal pregravid weight is likely associated with infant birth weight because it reflects a composite of the shared genetic, environmental, and lifestyle features of mother and child that will influence fetal growth and weight at delivery. More intriguing is the question of how maternal weight gain in early pregnancy may influence this outcome. It is believed that weight gain in the first half of pregnancy primarily reflects the deposition and expansion of maternal tissues (eg, adipose tissue), whereas gestational weight gain thereafter is mainly attributed to fetal and placental growth and fluid expansion. 24 The fetus does not accumulate fat or much lean tissue in the first trimester, but grows rapidly thereafter. 13 In this context, it has been suggested that early pregnancy and midpregnancy weight gain could affect subsequent adiposity of the offspring by increasing the availability of maternal fuels (eg, glucose, free fatty acids, amino acids). 24, 25 The resultant intrauterine environment may program fetal development toward a propensity for the accumulation of fat or lean tissue later in pregnancy. 25 This possibility is supported by a growing body of evidence linking early pregnancy maternal weight gain with both cord blood hormones (eg, insulin) 26 that may affect fetal growth and, most notably, subsequent childhood adiposity. 23 Specifically, a series of studies has shown that maternal weight gain in the first half of pregnancy is associated with body mass index and fat mass of the child between the ages of 7 and 10 years. 23, 27, 28 Collectively, these data suggest that our identification of directly measured early gestational weight gain as associated with infant birth weight may reflect programming that holds implications for future growth trajectories in childhood. The present findings hold clinical implications. First, these data identify prepregnancy and early gestation as a critical window that may affect subsequent birth weight at delivery. They lend support for suggestions calling for clinical emphasis on optimizing maternal health before pregnancy for the purpose of transgenerational benefit.
29,30 Second, the present findings suggest that interventions to limit weight gain in the latter half of pregnancy may have a modest association with birth weight. In agreement with this concept, randomized clinical trials, such as the LIMIT 31 and UPBEAT (UK Pregnancies Better Eating and Activity Trial) 32 studies, found that intensive interventions to improve diet and physical activity during pregnancy did not reduce the incidence of large-for-gestational-age infants at delivery. To affect birth weight, it may be necessary for future trials to intervene during the critical window of early gestation or ideally before pregnancy.
Limitations
A limitation of this study is that the population comprised a single ethnicity (Chinese). Another potential limitation is that our study population was generally lean, such that the applicability of these findings to overweight/obese women remains to be established. In addition, there were 288 women for whom birth weight was not available because they delivered elsewhere than at the participating hospital. Furthermore, the size of the study population is not sufficient for rigorous evaluation of the association between maternal weight gain in the indicated intervals and the likelihood of small-forgestational-age or large-for-gestational-age infants at delivery. Finally, given its observational nature, this study design cannot provide evidence that the modification of early weight gain can affect birth weight. Nevertheless, our data have highlighted prepregnancy/early gestation as a possible window of opportunity during which to evaluate such intervention in future clinical trials.
Conclusions
This prospective, preconception cohort study demonstrates that, when objectively measured prior to pregnancy, pregravid maternal weight is consistently associated with infant birth weight. More importantly, subsequent maternal weight gain from before pregnancy to 14 weeks and from 14 to 18 weeks is associated with birth weight, whereas gestational weight changes thereafter are not. Thus, the timing of gestational weight gain is relevant to infant birth weight, with maternal weight status in the first half of gestation emerging as a key determinant of infant birth weight. 
